Terahertz frequencies experiments has motivated the development of new sources, detectors and optical components. Here we will present a review of THz bandpass filters ranging from 0.4 to 10 THz. We also demonstrate our fabrication process, simulations and experimental results.
Introduction and Review

Basic Concepts.
The terahertz, or far infrared range within electromagnetic spectrum placed between microwaves and midinfrared wavelengths, correspond to wavelengths from 3 millimeters up to 3 micrometers. Moreover, the transition between these two spectral bands represents the transition of two different technologies: electronics and photonics ( Figure 1 ). These issues bring us technological challenges to develop new sources, detectors, filters, and other important components [1, 2] .
Recently, terahertz range has attracted the interest around the world because its innovative applications including different areas as nondestructive tests, military and civilian security, chemistry, medicine, biology, and others [3] [4] [5] [6] . Especially after terrorist attacks on September 11th, terahertz research has increased abruptly because all possible defense applications.
THz radiation can be transmitted through different materials, which became possible to "see" through clothes, shoes, bags, plastics, and paper envelops, allowing the identification of chemical and biological agents like illicit drugs and explosives [3, 5] .
Terahertz Metal Mesh Filters.
A metal mesh filter, which is a type of frequency selective surfaces (FSS), can be defined by a thin metal film (few to tenths of microns of thickness) which is perforated, using different geometries, in a two-dimensional array. These filters are compact and present an easy and available fabrication process. They also could act as high pass, low pass, band-pass, or reject band filters and this is the most important characteristics of them in other words, their optical behavior can be changed selecting the proper geometry and their parameters dimensions [7] .
There are some examples of FSS geometries in the literature presenting different spectral response. In Figure 2 , it shows few examples of band pass, high pass, and reject band filters.
The most known band pass geometry is the cross-shaped (see Figure 3) where the frequency profile is determined by the dimensions of the crosses width (K), length (L), and periodicity (G) (Figure 3 ).
The main fabrication process used to produce metal mesh filters is the photolithography, where a substrate is prepared to receive a photoresist (polymer sensitive to light-UV is the most common radiation used). After the deposition of this polymer, the sample has to be baked and then exposed to a light source using a mask with the geometric patterns. The light will pass through the transparent areas on the mask substrate and interact with the photoresist. In this step, the sample will receive other bake phase followed by the development process of photoresist. Finally the sample is ready to the metal deposition, where the thin film will be evaporated or growed in a metallic bake. Although conventional photolithography is the most common fabrication process, we can cite few other techniques as direct write using electron beam (Direct Electron Beam Litography, DEBL), nanoimprint and laser ablation [8] [9] [10] . Figure 4 shows the results for cross-shaped filters obtained using different fabrication process.
Metal Mesh Filters Applications.
The metal mesh filters can be applied in different areas and here we will cite some applications examples cited in the literature:
(i) Astronomy. Infrared astronomy can be possible using satellites and airborne telescopes operating within the whole infrared range and at high-altitude sites, where the observations are affected primary by water vapor atmospheric absorption. There are some atmospheric windows (25 and 38 microns at sites higher than 5000 m) where it is still possible to observe extraterrestrial sources with lower losses. Long midinfrared ranged from 25 up to 40 microns, allows observing reddened sources and different molecular/atomic lines and dusting features [11] .
(ii) Free Electron Lasers. Different quasioptical components, including metal mesh filters, are applied as passive selective components (filters) on experiments using terahertz-free electron lasers as the NovoFel at Novosibrisk [12] . These devices should be able to operate over a long period of time under high-power conditions without important degradation of their properties [12] .
(iii) Imaging. Other potential applications are related to infrared imaging and spectroscopy, which are related also to the devolpement of high power terahertz sources and high sensitivity detectors within these wavelength range [13] .
(iv) Energy-Saving Glasses. In other dimension scale (millimeters), cross-dipole FSS can be used to generate energysaving glasses, which can be applied on buildings to keep them cooler during summer and warmer during winter. It also allows the reception of useful microwave/RF signals required for mobile phone, GPS, and personal communication systems. This application is possible using mm-wave metal band-pass filters, which block all infrared wavelengths and transmit the desired mm-waves frequencies [14] .
(v) Sensors. Bolometer sensors and cameras are very useful to detect infrared radiation and their performance can be improved by the incorporation of FSS elements with no requirement for external filters to define the absorbing band [15] .
Historical Review and Results.
Ulrich [16] is one of the most cited articles about metal mesh filters. In this work, a metal mesh interference filter is used to replace the output coupler of a far infrared molecular laser. This interference filter consists of two parallel reflector grids with a large array of small coupling holes where the reflectance is varied by adjusting the spacing between the grids. Ulrich also was one of the responsibles for showing that the transmission properties of these metallic meshes could be considered as circuit elements on a free space transmission line. Using this theory, it is possible to determine the transmission profile of inductive (square openings) and capacitive (free-standing squares) meshes, high pass and low pass, respectively.
After these first experiments and theoretical approaches, one can find in the literature many other authors who fabricated and tested band pass metal mesh filters at different sub-THz and THz frequencies. It is shown in Table 1 different experimental results found in the literature, which are just a few of the total works about band pass metal mesh filters published until now. In this table, it is also presented the grid parameters of several filters designed to operate within the range from 100 GHz up to 14 THz, exhibiting high-transmission peaks and band pass widths between 13 up to 50% of the central frequency.
The freestanding filters present a high mechanical fragility. Then, some authors have used photolithography process over some support material, p. e. Mylar (polyester film), polyamide, teflon (polytetrafluoroethylene), and others, which are semitransparent within those frequencies range.
Recently, other interesting works have been published using different materials as substrate, such as Polymethylpentene (TPX), TydexBlack, and high-density polyethylene (HDPE). The use of these materials could become a very Advances in Optical Technologies important way to fabricate useful filters because they can also act as a high-pass filter for wavelengths above near infrared (NIR: 1-20 microns). In this case, it would be very helpful to applications where the background radiation in these wavelength range (visible and NIR) is prohibitive.
The transmission profiles for TydexBlack, TPX, and HDPE are shown in Figure 5 .
In Kaufmann et al. [17] , different filters at 2.4 THz have been fabricated using THz semitransparent materials as substrate. In this work, it is compared the transmission profile obtained by a suspended metal mesh, a filter on a TydexBlack base, and by a metal mesh sandwiched between TPX layers. The results have shown a high transmittance for the suspended filters, as expected. The measurements resulted in a 40% and 48% transmission for the filter with TydexBlack and the TPX sandwiches, respectively. They also concluded, in the same work, that the transmission is independent from the polarization position angle and the dependence on the incidence angle becomes more important for angles larger than 20 degrees.
Ma et al. [13] also developed similar filters using lowloss substrate material, high-density polyethylene (HDPE). Filters for three different frequencies were fabricated, 1.5, 1.75 and 2.91 THz, using photolithography process above a 1 mm thick HDPE plate. The measured transmission resulted 4 Advances in Optical Technologies
Figure 4: Electron microscopy images illustrating the structural results for different fabrication process: (a) laser ablation-free standing [8] ; (b) laser ablation-on a support material standing [8] ; (c) DEBL [9] ; (d) Nanoimprint [9] ; (e) X-ray photolithography [10] ; (f) UV photolithography [11] .
in 51%, 54%, and 52%, for the 1.5, 1.75, and 2.91 THz, respectively.
Our Contribution
The second part of this chapter intends to present our contribution to this topic. We will review all important job achievements published in 2008 [18] and continue with more recent developments of our group.
Project of Different Band Pass Filters between 0.5 and 10
THz. The initial motivation to design band pass filters to these specific frequency range came from an astrophysical application, Solar Physics, and especially solar flares. There are two different ways to observe the Sun, from the ground and using balloons or satellites outside our atmosphere.
Observations through our atmosphere are limited by the water vapor column presented in the observation site. There are, within the terahertz range, three atmospheric windows (which are known as frequency regions within the electromagnetic spectrum presenting absorption coefficient minimums) centered at 405, 670, and 850 GHz. The other higher frequencies filters were designed considering outsideatmosphere observations [19] . All filter parameters designed here are based on Porterfield work. Considering linear variation of the mesh parameters (K, L, and G) we calculate a conversion factor for each parameter which will be used to design other frequencies filters as below, in Table 2 .
Using the conversion factors shown in Table 2 , we are able to calculate new parameters mesh in order to have a new band pass filter just multiplying the factor by the desired central wavelength in microns. In Table 3 , it is shown our calculated parameters dimensions for filters operating from 0.4 up to 10 THz. As Porterfield filters presented a band pass width about 15% of the central frequency, all filters design using this method will generate filters with bandwidths around the same value. As you can see in Table 3 , we also designed filters to present double bandwidths, 30% of central frequency, and in this case we used simulation methods. Using a commercial electromagnetic simulator code, CST microwave studio, we could calculate in a good approximation the mesh parameters for filters with larger bandwidths. In this case, we have calculated the initial mesh parameters values for narrow bandwidth (15%) considering the conversion factors presented here. In the optimization process, it was determined, as the software goals, to achieve at least the desired new bandwidth and that the resonant frequency remained the desired central frequency. At the end of optimization process, CST has returned the new parameters dimensions. We have fabricated and measured these larger bandwidth filters, proving that this can be an easy and effective technique to design filters presenting new bandwidth values ( Figure 6 ).
Fabrication Process: Photolithography and Metallic Deposition.
Filters such as the presented ones can be fabricated using different techniques. One micromachining technique uses polymer film as substrate with a metallic thin layer deposited on one side (e.g., Mylar). However, plastic films add absorption and have thermal and mechanical limitations for certain applications.
Another micromachining procedure, known as LIGA, explores photolithography followed by electroplating techniques, producing a metal grown film with open space cross formats, without absorption, which improves the final filter transmission. We used the second technique to fabricate filters with frequencies centered between 0.4 and 10 THz. We used silicon substrates previously prepared with deposited films of SiO 2 , Ti, and Au. The lithography has used SU-8, deposited at 1000 rpm during 30 seconds, for filters frequencies below 2 THz, and at 1500 rpm during 30 seconds, for the higher frequency filters.
The obtained samples were submitted to a baking process, then exposed to UV radiation during 30-40 seconds and finally developed. This process sequence prepares the samples for the deposition of the metallic material, nickel in our case, which is finally the material of the filter, Figure 7 .
The electroplating process used a WATTS bath of nickel sulfate, nickel chlorine, boric acid, and water, with current density of 3 A/dcm 2 . The last step is the etching, to remove the photoresist and the layers of SiO 2 , Ti, and Au using potassium cyanide and HF buffer.
Microscopic Characterization.
After all fabrication process, the next step is an initial characterization of the filters. We usually submit all samples to an optical inspection using a 50x microscope, where we could evaluate defects which affect a region of the filter. As the second step, we are interested to measure the grid parameters to compare with the designed dimensions and evaluate the crosses profiles imperfections. Figure 8 shows good pattern results obtained for 0.67, 1.5, 3, and 4 THz filters.
During the fabrication process, different imperfections could appear in your sample. In Figure 9 , we are illustrating a few of them. Photoresist SU-8
Silicon substrate
Gold Titanium Silicon oxide Figure 7 : SEM micrograph of a sample after the photolithography process. In this image the thick SU8 crosses prepare the sample to the metallic deposition step.
As the filter frequency increase, the metal thickness has to decrease to avoid a waveguide process. For example, considering the 10 THz filter (corresponding to 30 micrometer wavelength), the filter thickness needs to be less than 10 microns. We adopt free standing filters to avoid the high absorption of any support material and in this case the fabrication process of a very thin metallic film is very sensitive to the mechanical stresses. Figure 9 (a) depicts the crack of a 7-micron thick film.
Figures 9(b) and 9(d) shows rounded cross shaped profile examples. In these cases, imperfections are related with the photolithography process, especially with the UV exposition time of the SU8 resist and its development process. The resist time exposition has to be very precise and be tested along the process because, if we use less radiation doses the resist corner details could not be sensitized and during the development process the SU8 material will be removed. Figure 9 (c) illustrats a growth metallic film presenting a difference in rounded corner. It could happen if the metallic film is growth until the top of the SU8 crosses. It is explained because the facts that during the development phase the first resist layer started to be removed and the resist profile became rounded at the top. There is a simple empirical rule where the metal film is growing using just 80% of the thickness of the resist crosses. Figure 10 presents the transmission profiles for seven filter samples measured using a Fourier transform infrared spectroscopy (FTIR). It is shown in Table 4 the measured central frequencies, bandwidths, and transmission percentages for the filters in Table 3 . The Figure 11 presents the transmission profile comparison between FTIR measurements and our simulated data obtained using the CST software. The data show a good agreement between simulated and experimental results, validating the simulation technique to support new filters design.
THz Transmission Measurements.
Simulations.
Here we are presenting, using only simulations results, the effect of the individual variation of each mesh parameter on the expected resonant frequency and bandwidth. It will give us an insight about what can happen due to small errors caused by fabrication process. In order to compare the designed filters presented in Table 3 on the same graph, each filter has its frequency range normalized by its own peak frequency. Following the same method, the range of variation for all parameters is also normalized by the designed values.
In Figure 12 (a), it is shown that the variation on the periodicity, parameter G, can linearly shift the peak frequency up or down. In a general way, if parameter G increases, the peak frequency decreases and vice-versa. However, for a variation of up to 20%, the peak frequency suffers a shift no bigger than 10%. In Figure 12 (b), one can note that bandwidth is affected in a nonlinear way, increasing by the decrease of parameter G or decreasing by the increase of parameter G.
A different behavior is observed on the variation of parameter K. In Figure 13 (a), it is shown that increasing K, the peak frequency is also increased almost linearly. However, for a variation of up to 20%, the peak frequency shifts no more than 2.5%. The same almost linear effect is seen on bandwidth when parameter K is increased.
Parameter L presents the strongest influence on the peak frequency position, as can be seen in Figure 14 (a). For a variation of up to 20%, the central frequency is shifted more than 10%. Similarly to parameter G, if L is increased, the peak frequency decreases and vice-versa. However, parameters G and L have opposite behaviors regarding bandwidth, when parameter L is increased, bandwidth is also increased but almost linearly.
Another common pattern profile issue caused by fabrication process is rounded corners. In this case, the crosses arms corners are not sharp as designed. Here, this error will be taken into account by the variation in the radius R at the filter's corners as depicted in Figure 15 .
In order to compare filters, it is defined as the corner error, the relation of R and parameter L. The maximum corner error is 50%, where R = L/2. It is shown in Figure 16 that increasing R, the peak frequency is shifted to higher frequencies up to 10% of the central frequency. The result regarding bandwidth is not conclusive, presenting almost no measurable variation for higher frequencies.
Conclusion
THz Filters Companies.
Currently, we find some companies which can fabricate and sell different terahertz metal mesh filters (high-pass, low-pass, and band pass transmission). The available frequencies for band pass filters are between 200 GHz up to 10 THz, and the prices are around USD 2.000 up to USD 10.000, varying if the item is in stock or will be custom made. In Table 5 it is presented four examples of companies.
Conclusions.
In this chapter we presented a brief introduction to important concepts and definitions for terahertz and metal mesh filters areas, including the most common applications to both topics. A compact historical review of bandpass filters works is also presented. In the second part of this work we approach our own contributions on terahertz filters, their design and fabrication process, besides of experimental results. A simple but powerful mathematical technique for designing cross filters is presented. Some useful insights can be taken from the presented parameter variation study in order to understand the mesh parameters and possible process errors influence on the filters frequency response. We conclude featuring some new companies which could provide standard and custom made filters.
